Abstract-The innovative actuation concept presented in this paper allows the implementation of powerful, simple, compact, and light-weight tendon-based driving systems, using as actuators small-size dc motors characterized by high speed and low torque. Due to its properties, this actuation system is very well suited for implementation in highly integrated robotic devices. The basic working principle of this novel actuation system is introduced, and the constitutive equations of the system are given, together with their experimental validation. Driven by the necessity of controlling the actuation force in the robotic hand, the problem of tracking a desired force profile is tackled. With the aim of guaranteeing a high level of robustness against disturbances, a control algorithm based on a second-order sliding manifold has first been evaluated by means of simulations and then validated by experiments. The results obtained with this simple and compact actuation system demonstrate its suitability for use in robotic devices such as robotic hands.
contained within the forearm and have an overall weight of less than 1 kg. Considering the challenges of integrating actuation and sensor systems within a biologically inspired robotic hand of human-like dimensions and DoFs, tendon-based transmissions allow placement of the actuators within the forearm and, thus, represent the most promising solution for dexterous anthropomorphic robotic hands. While actuation solutions adopted in robotic hands developed so far each has their own benefits and shortcomings, the so-called twisted string actuation system 1 has been developed within DEXMART, aiming at fitting with project requirements.
Actuation concepts similar to the one proposed in this paper can be found in the literature. The LADD actuator [12] - [14] is composed of a number of cells connected end to end, and each cell consists of two rings joined by several high strength fibers. As each cell is twisted, the distance between the rings decreases, thus transforming rotary motion into linear motion. The Twist Drive actuator [15] , [16] differs from the LADD actuator since it uses two short strings that twist on each other to produce a pulling force. The Twist Drive uses a DC motor with a speed reducer allowing a compact implementation of the actuator.
In contrast to these previous actuation concepts, the twisted string actuation reported in this paper adopts very thin and long strings twisted around themselves allowing a displaced location of the motors (with respect to the joints) and the use of very small high-speed motors without speed reducer, facts that make the actuation concept proposed here particularly suited for the development of innovative tendon-driven robotic hands. As a matter of fact, with an appropriate choice of the rotative electric motors and of some design parameters of the strings (in particular the radius and length), the actuation system presented here can satisfy all of the tight requirements for the implementation of miniaturized and highly integrated mechatronic devices, paving the way for the next generation of multifingered robotic hands. With respect to conventional solutions, the main advantages of this actuation system consist in the direct connection between the motor and the tendon without any intermediate mechanisms such as gearboxes, pulleys, or ballscrews, in the direct transformation from rotative to linear motion, in the extremely reduced friction (only an axial bearing is needed), in the very high reduction ratio, in its intrinsic compliance and in the use of very small high-speed motors.
In this paper, this novel actuation concept is illustrated, presenting its kinetostatic and dynamic models as well as an algorithm for controlling the force applied by the actuation system. Experimental activity validating both the model, the durability, and the control strategies is discussed. In detail, the proposed robust control law is compared with standard control algorithms, and specific experiments are presented to assess the dynamic behavior of the controlled actuation system. Comments and plans for future activity are finally reported.
II. BASIC CONCEPT
The basic idea of the quite simple actuation system is illustrated schematically in Fig. 1 : two or more strands are connected in parallel on one end to a rotative electrical motor and on the other end to the load to be actuated. Twisting the strands at the one end by means of the motor reduces the length of the transmission, resulting in a linear motion of the other end.
This actuation concept, because of its high (though configuration dependent) reduction ratio, permits the use of very small and lightweight electric motors and, therefore, is very interesting in applications where size and weight are of crucial importance. This concept was first implemented in an experimental setup for verifying its main properties (see Fig. 2 ) and is currently adopted as basis for the development of the robotic hand of human dimensions, the preliminary design of which is shown in Fig. 3(a) . A laboratory prototype of the novel robotic finger actuated by means of the proposed actuation concept is already under evaluation [see Fig. 3(b) ]. In this robotic finger prototype, four independent twisted string actuation systems have been integrated in a very compact design, together with purposely designed tendon force [17] and joint position [18] sensors.
The experimental setup used to test twisted string actuation consists of a small rotative dc motor (Faulhaber 2233) and a string pair aligned along the rotation axis of the motor and connected at one end to the motor output shaft (without any speed reducer), as schematically shown in Fig. 1 , and at the other end to the load, which in the test bed is emulated by a linear motor (LinMot P01-37×120) able to apply a force up to 160 N along the motion axis of the slider and equipped with a load cell for measuring the actuation force. The rotative motor is equipped with an optical encoder to measure the rotation angle, while the encoder integrated in the linear motor is used to measure the actuation elongation with a resolution of 1 μm. A suitable controller is used to drive the load (the linear motor) so that it behaves as a mass-spring-damper system with adjustable parameters (see [19] for additional details on the linear motor driving technique). Note that the encoders are used only for monitoring purposes and serve as position reference for the linear motor load controller.
A detailed kinetostatic model of this actuation system is presented and discussed in the following sections, reporting both simulation and experimental results. From the control point of view, an important aspect considered in this paper is the possibility of controlling the system using only force feedback. For this reason, the design of a controller based on the measurement of the actuation force only is faced in this paper. In fact, neither measurement of the system state (motor angular displacement and velocity, load position, and velocity) nor accurate knowledge of the system parameters (e.g., string or actuation length, string radius, motor or string preload angle, and load parameters) is required.
Moreover, due to the finite stiffness of the strings and to the particular implementation, a non-negligible configurationdependent compliance of the proposed transmission systems was observed during the early experimentation. This phenomenon has been measured and modeled to allow future evaluation for control and safety purposes [20] .
III. MODELING OF THE ACTUATION SYSTEM
In this section, the kinetostatic model of the transmission system is derived taking into account the elasticity of the string, while a simplified dynamic model is presented under the assumption that the string is rigid since this will greatly simplify the design of the force control algorithm. Nevertheless, the controller will be shown to be effective also with elastic strings both in simulation and in experiments.
A. Kinetostatic Model of the Transmission System
The kinetostatic model takes into account the effects of the finite string dimensions and elasticity, together with the case of multiple strands forming a single string. This analysis will provide some useful information for the design of the actuation system and for the choice of the driving motors as well as indicates the limits of the stroke and reduction ratio of the transmission system.
As a simplifying hypothesis, it is assumed here that some strands do not contribute to the total axial force: these fibers form the core of radius r c of the helix [see Fig. 4(a) ]. The load force F z is balanced by the n external strands of radius r s which form n coaxial helices of radius r = r s + r c . As a limit case, Fig. 4 (b) shows a string formed by a pair of twisted strands, for which r c = 0 and thus r = r s , considering the helices formed by the strand axes. In order to obtain the relationships describing the statics of the actuation system, it is assumed that the strands constituting the string form an ideal helix of constant radius r = r c + r s along the whole range of the motor angular position θ. The kinematic relationship between the motor angle and the load position can be easily derived from the geometry of the helix formed by the strands (see, in particular, Fig. 5 ) which implies the following straightforward relations:
where α is the helix slope, L is the strand length, and p is the length of the transmission system or, in other words, the load position. Note that (1) can be easily obtained by "unwrapping" the helix of total length L and radius r and applying Pythagoras' theorem to the resulting triangle in Fig. 5 (b). From (1) and (2), it follows thatL =ṗ cos α +θ r sin α.
This last equation will be used to define the complete model of the twisted string transmission system in the following (see Fig. 10 ).
The static model of the actuation system can be easily obtained looking at Fig. 5(a) , where the external torque τ L is balanced by the tangential force F τ , i.e.:
Assuming that the load is equally distributed over the n strands that form the string, one obtains
where F i is the longitudinal feasible force in each strand. The resulting total axial force F z acting on the transmission system is
In order to take into account the finite stiffness of the string, the strands are assumed to act as linear springs, with the capability of resisting tensile (positive) forces only and not compressive (negative) forces, as is usual for cable-based transmission systems. Therefore, the total length of a strand L (each strand has the same length of the untwisted string) changes with respect to the unloaded length L 0 , according to the fiber tension F i and the strand stiffness K (normalized with respect to the length unit), i.e.:
From (7), it is possible to note that each strand acts as a spring whose deformation is defined as p 2 + r 2 θ 2 − L 0 and which can be modulated through the motor angular position θ. It follows that the actuation elongation p (i.e., the load position) is given by
whereas, from the helix geometry, the pitch q of the helix is related to the string length p and to the motor rotation angle θ by the relation
The stiffness S at the load side of the twisted string transmission system can be modeled by considering (1), (2) and (7) and computing the derivative of the load force F z in (6) with respect to the load position p:
Now, the maximum actuator stroke (contraction) is computed by considering the maximum motor rotation angle before the string becomes closely wound. Fig. 6 shows a limit condition for the case of two strands (n = 2): due to their finite radius, a maximum value of the angle α exists such that the strands form a closely wound helix. With reference to Fig. 6 and with some simplifications on the system geometry, in the general case of n strands, this condition is given by
Combining (8) and (9), the maximum motor angle and actuation contraction in the case of no load (i.e., F z = 0, F i = 0) can then be defined as
s n 2 + 1 and the maximum no-load relative contraction is
It is important to note that in case of null core radius (r c = 0, n = 2), the maximum actuation contraction is about 46% of the maximum string length L 0 . In view of (2) and (9), the helix slope satisfies the relation
and, from (11), it is possible to note that the maximum helix slope is
In conclusion, the nonlinear kinetostatic model of the actuation system is summarized by the reduction ratio and by the relationship between the motor angle and the load displacement, derived as follows. From (13) and (9) and in view of (6), the generalized reduction ratio of the transmission can be found as
and it goes from h(θ, p) = 0, when θ = 0, to h(θ, p) = π r n , when θ = θ max and r c = 0. The transmission length in unloaded and unwrapped configuration is equal to the string length L 0 and the actuation stroke Δp is given by
B. Experimental Validation
The experimental setup used to validate the twisted string transmission models proposed in this paper is described in Section I and depicted in Fig. 2 , while the system parameters are reported in Table I . The string used during the experiments is a commercial Ø 0.2 mm Dyneema fishing line with L 0 = 0.2 m. Fig. 7 reports the comparison between the theoretical model (16) and the experimental data obtained in very low load (1 N) condition. Note that the error between the theoretical model and the experimental data is very small.
The first plot in Fig. 8 shows the effect of the load force F z on the transmission contraction observed during experiments in comparison with the unloaded theoretical model result: it is evident that the string compliance is not negligible with respect to the expected transmission load force. Anyway, the capability of moving the load by twisting the string is preserved. Fig. 8 also shows the corresponding transmission stiffness variation with respect to the motor angular position measured during the experiments: these data have been computed numerically by forming the ratio between the transmission load force and the incremental variation in the measured load position. It can be clearly noted how the stiffness of the actuation system varies with the motor angle and the transmission load. The theoretical value of the stiffness of the twisted string transmission system, computed according to (10), for a load of 50 N is also reported in this plot for comparison with the experimental results. Another very important test that has been performed on the twisted string transmission system is the evaluation of the number of working cycles (of the type reported in Fig. 8 ) the system can resist before the string breaks. Fig. 9 reports some preliminary results of this test performed with different transmission loads, different materials, such as Fastflight Bow Plus (FFBP) strings and Dyneema, and different fixing techniques, such as clamping (MC), tying (TY), or loop wrapping (LW). These results allow deducing that, while different materials perform similarly if mechanical clamping or tying is adopted for the string fixing, the duration of the system can be significantly improved by wrapping the string around metallic pins both on the motor and on the load side. In this configuration, the twisted string transmission can achieve more than 10 4 working cycles also at high load. The research activity for the selection of the best material and the definition of the optimal string fixing is still going on.
C. Dynamic Model of the Transmission System
In this section, a simplified dynamic model of the transmission system to be used for controller design purposes is derived neglecting the compliance of the string (rigid transmission) and the load dynamics. In this case, substituting (8) into (15) and (16) and assuming K → ∞ result
The robustness of the developed controller with respect to the finite actuation stiffness and the load dynamics will be tested both in simulation and by means of experiments. The classical equations of a current-controlled DC motor are where u, K t , J, and B are the input current, the torque constant, the inertia, and the viscous friction of the DC motor, respectively. Under the assumption of a purely elastic load with stiffness K L fixed to the end of the string, the load displacement is related to the motor angle by (18) , and thus, the load force is
which is related to the load torque τ L according to (6), i.e.:
where the nonlinear function h(θ) is defined in (17) . Substituting (19) and (22) into (20), the dynamic model of the actuation system can be written as the second-order nonlinear system
With the aim of deriving a suitable control law for tracking the load force F z = y (system output), let
T be the system state. The dynamic model of the system can then be written in state-space form aṡ
(24)
where
Note that the model does not depend on the motor resistance and the back-EMF constant; therefore, enhanced robustness characteristics are expected for the closed-loop system with respect to a voltage-controlled motor. 2 In Fig. 10 , the complete dynamic model of the twisted string actuation system adopted during the simulation is reported. This model considers the motor dynamics, the finite string stiffness, and the load dynamics, and it has been used to test the controller effectiveness against its simplified design and robustness with respect to parameters uncertainties and disturbances.
IV. CONTROL ALGORITHM
The control problem is formulated as the output tracking of a desired force reference y d (t), which is assumed sufficiently smooth so thatẏ d (t) andÿ d (t) are well defined and bounded.
This control problem can be solved, e.g., by resorting to the control strategy based on a second-order sliding manifold approach reported in [21] for a general mechanical system. The resulting linear controller possesses good robustness properties and is easily implementable in real time owing to its low computational complexity, which is comparable to that of a standard PID, whereas the performance of this controller is shown in the experimental results presented in Section V to outperform that attainable by a standard PID.
A. Controller Definition
First of all, the tracking requirement is translated into the design of a suitable manifold where the evolution of the system state has to be confined
(28) and the function η(t) is needed to avoid the well-known peaking phenomenon of the high-gain controllers due to a mismatch of the initial conditions, i.e.:
with w being a negative constant. Note that this definition implies that σ(0, y(0)) = 0,σ(0, y(0)) = 0; hence, the system state belongs to the manifold at the initial time instant. The second step is to design a control law, able to achieve the control objective stated earlier, according to the following theorem. Theorem 4.1: Consider the nonlinear plant (24)- (26), and let the control law be defined by the differential equation
30) where ε > 0 is a "small" real constant, and d i , n j (i = 1, . . . , ν − 1, j = 0, 1, 2), are real constants to be selected, with ν ≥ 2.
Assume that 1) the constant n 2 is such that
where d 0 is a non-null constant andx 1 is a suitable state value to be selected so that the next condition is satisfied;
2) the polynomial
is strictly Hurwitz; 4) there exists a real γ < 0 such that
Then, there exist ε 0 > 0, δ > 0, λ < 0, with λ > γ, such that for any ε ∈ (0, ε 0 ], the solution (x(t, ε), u(t, ε) ) of (24)- (26), (30), is such that
where ξ is a positive constant depending on the plant initial conditions.
Proof: The proof follows the same as in [21, Th. 1].
B. Design Procedure
From the previous theorem, the transfer function of the controller is
Moreover, the same theorem suggests the following design procedure. 1) Select the ν poles of the boundary layer system, say δ i ; then, compute the coefficients d i of the following polynomial:
2) Compute the coefficient n 2 as in (31) by selectingx 1 to ensure uniform stability of the polynomial in (32) using a root-locus method with parameter x 1 ∈ [x 1 , x 1 ]. 3) Select the two poles of the reduced order system, say λ 1 and λ 2 ; then, compute the coefficients of the following polynomial:
4) Compute the numerator of the controller as
N (s) = n 2 (s 2 +n 1 s +n 0 ).
5) Choose ε as small as possible, compatible with sensor noise and desired closed-loop bandwidth, and compute the denominator of the controller as
C. Remarks
1) The sliding manifold control law is practically equivalent to a high-gain PID with the advantage of ensuring robustness against disturbances. 2) The computational load is very low and the controller does not require any feedforward action unless a mismatch of initial conditions exists. 3) It is an output feedback control algorithm, and thus, state measurement is not required but only the output force is needed. This means that no sensors are needed, neither to measure motor angle nor load position and/or velocity. Only a load cell is necessary at one end of the twisted string. 4) As every high-gain strategy, it requires a low-noise sensor signal, even though the high-frequency amplification is mitigated by the possibility of having a strictly proper controller by selecting ν ≥ 3. 5) It can be shown that for ε = 0, the control signal is exactly the same as the classical feedback linearization algorithm. 6) The poles λ 1 , λ 2 can be selected by taking into account that they practically fix the closed-loop bandwidth. 7) The roots δ i have to be chosen at low frequencies; otherwise, the poles of the controller will be at very high frequencies due to the small value of ε.
V. SIMULATION AND EXPERIMENTAL RESULTS
To verify whether the proposed control strategy designed in Section IV on the basis of a simplified model is robust enough to model uncertainties and whether it is able to cope with measurement noise, an intensive simulation and experimental activity has been carried out. The dynamic parameters used in the simulations are summarized in Table I . Aiming at verifying the performance and the robustness of the control system over a wide range of conditions, some of these parameters, i.e., the torque constant, the motor inertia, and the load stiffness used to design the controller, have been assumed to be affected by uncertainties ranging from 20% to 50% of their nominal values.
The zeroes of the sliding controller C(s) in (33) have both been selected to be at −6, so as to obtain a closed-loop bandwidth of about 1 Hz, and the coefficient n 2 has been defined as in (31) withx 1 = x 1 . The ν = 3 poles of the boundary layer system have been selected at δ i = −2, and its uniform stability has been checked by means of the root locus of the polynomial (32) for x 1 ∈ [x 1 , x 1 ], as reported in Fig. 11 . The control law is completed by selecting w = −2 and ε = 0.0016 and, then, computing the denominator as in step 5 of the design procedure. The bode diagram of the final controller is reported in Fig. 12 .
The results of the experiments performed on the twisted string actuation system driven by the proposed controller are reported in Fig. 13 . In these plots, it is possible to distinguish between three different phases: 1) the peaking avoidance action [see (29) ] is active from t = 0 s when the experiment starts, since the initial reference value differs from the initial conditions and the system output reaches the desired value very smoothly at t 4 s. Then, the response to a setpoint step variation at t = 6.5 s can be appreciated, and finally, the system is evaluated with a 20 N amplitude sinusoidal setpoint at 0.5 Hz. The very good fitting between simulation results and experiments can be clearly seen, even if the nominal value of the system parameters are considered in the control system design and no identification procedure has been used to evaluate the real value of these parameters. Fig. 13 also reports the comparison between the simulated and experimentally measured actuation displacement L − p and motor position θ (string twist angle): in the case of these two variables, the differences between the theoretical and the real values are more noticeable due to the uncertainties affecting the system parameters. The proposed controller has been also tested with both current-driven and voltage-driven motors without any significant difference between the behavior of the system in the two cases, a fact that confirms the robustness of the proposed control system.
With the aim of showing more clearly the dynamic performance of the proposed controller, an experiment in which the force setpoint is a sinusoidal signal with time-varying frequency (also called chirp signal) in the range 0.1-2 Hz has been performed, and the results are shown in Fig. 14 . The force setpoint presents a mean value of 25 N and the amplitude of the setpoint oscillations is 10 N. From the plots reported in Fig. 14 , it is possible to note that the system presents good performance in terms of setpoint tracking over the whole signal frequency range, and in particular within the controller design bandwidth that is 1 Hz. Also, the commanded motor current has been reported in Fig. 14 to highlight the quite limited control effort (the maximum motor current is less than 1 A).
Finally, the performance of the proposed controller has been compared with alternative and more conventional control techniques, like the PID control strategy. To this end, the PID controller has been tuned by means of the improved step response method [22] . Although the PID controller shows comparable performance in the case of a step setpoint variation with respect to the proposed controller, it is less robust with respect to measurement noise during continuous setpoint variations, as Fig. 15 clearly shows, where the response of the PID and of the proposed sliding manifold controller to a sinusoidal setpoint with a frequency of 0.5 Hz is reported. In particular, while the performance of the two controllers are similar during the first part of the experiment (where the setpoint is constant during the time interval 0-0.5 s) it can be noted that both the force tracking error is affected by significant oscillations and the commanded motor current is more noisy in the case of the PID controller when the sinusoidal setpoint is applied to the system. It can be concluded that the proposed controller and related design procedure show better performance and robustness over a wide range of working conditions with respect to the conventional PID control technique, at least when standard tuning procedures are adopted for controller parameter derivation.
VI. CONCLUSION
The twisted string actuation system presented in this paper is a very simple, inexpensive, small, and lightweight actuation system, suitable for highly integrated robotic devices like robotic hands. Both theoretical and experimental characterization of the system have been reported in this paper, and an output feedback sliding manifold controller for the twisted string actuation system has been proposed.
The system model presented here is a useful tool for the design of the actuation system and, in particular, for selecting the motor and the string to be used, starting from the basic requirements such as the maximum stroke, velocity, force, and dimensions.
Due to the presence of several unmodeled effects such as the string friction and radius variation due to stretch, and because of the objective difficulties in having complete knowledge of all system parameters, particular attention has been given in ensuring the robustness of the control system against measurement noise and parameter uncertainties. Finally, the comparison between simulations and experimental results validates the proposed theoretical model and demonstrates the effectiveness of the control strategy for the twisted string actuation system, which also has been shown to be capable of outperforming standard control algorithms.
Future activities will be devoted to the implementation of a complete actuation system for a tendon driven robotic hand. Some implementation problems, such as the definition of a reliable fixing for the twisted string and the characterization of a suitable set of strings, will also be investigated. Since the efficiency is an important performance index for an actuation system, this parameter will also be evaluated.
